Myocarditis is associated with an increased risk of sudden cardiac death (SCD) in the young. However, information on nationwide burden of SCD caused by myocarditis (SCD-myocarditis) is sparse. For this study all deaths among persons in Denmark aged 1-35 years in 2000-2009 and 36-49 years in 2007-2009 (27.1 million person-years) were included. Autopsy reports, death certificates, discharge summaries, and nationwide registries were used to identify all cases of SCD-myocarditis. In the 10-year study period, there were 14 294 deaths, of which we identified 1 363 (10%) SCD. Among autopsied SCD (n ¼ 753, 55%), cause of death was myocarditis in 42 (6%) cases corresponding to an SCD-myocarditis incidence of 0.16 (95%CI: 0.11-0.21) per 100 000 person-years. Males had significantly higher incidence rates of SCD-myocarditis compared to females with an incidence rate ratio of 2.2 (95%CI: 1.1-4.1). Myocarditis was not registered as cause of death in any of the non-autopsied SCD (n ¼ 610, 45%). In conclusion, after nationwide unselected inclusion of 14 294 deaths, we found that 6% of all autopsied SCD was caused by myocarditis. No cases of SCD-myocarditis were reported in the non-autopsied SCD, which could reflect underdiagnosing of myocarditis in non-autopsied SCD. Furthermore, our data suggest a female protection towards SCDmyocarditis.
Introduction
Myocarditis refers to an inflammatory disorder of the myocardium and is characterized by infiltration of immunocompetent cells and non-ischemic degeneration of cardiac myocytes [1, 2] . Myocarditis can result from a wide spectrum of causes, including infectious pathogens, toxins, and hypersensitivity reactions with viral infections reported as the most common cause of myocarditis in western countries [1, 3] . The clinical presentation of myocarditis is highly variable ranging from subclinical disease to acute or slowly progressing heart failure or sudden cardiac death (SCD) [1, 2] . The clinical diversity at presentation, which is mainly dominated by nonspecific symptoms and findings, complicates the diagnosis of myocarditis [4] [5] [6] . Different approaches for the diagnosis of myocarditis exist. Several noninvasive diagnostic tests, such as serum biomarkers, electrocardiography, echocardiography, and cardiovascular magnetic resonance are available, but the results are often nonspecific [1] . Histological cardiac examination remains the gold standard for an unequivocal diagnosis of myocarditis and in 1995, the World Health Organization/International Society and Federation of Cardiology Task Force defined myocarditis as an inflammatory disease of the heart muscle based on histological, immunological, and immunohistochemical criteria [3, 7] . Despite this rather clearcut definition, the diagnosis of myocarditis continues to prompt considerable debate, particularly because the clinical and histological diagnoses are poorly correlated [6, 8, 9] .
Myocarditis has been reported to be a major cause of sudden and unexpected death in infants, adolescents, and young adults. However, the proportion of SCD caused by myocarditis (SCD-myocarditis) has been variably reported ranging from 1%-14% among the young [10] [11] [12] [13] [14] [15] [16] . These differences are likely explained by inhomogeneity in the study populations, as well as differences in SCD definition and classification/definition of myocarditis postmortem.
We have previously in a nationwide and unselected setting used autopsy reports, deaths certificates, and information from national registries to identify all SCD in Denmark in persons aged [10, 11] . The aim of the present study was to assess incidence of SCD-myocarditis in the young Danish population using well-defined SCD cases. [10, 11] . Autopsy reports, death certificates, and information from national registries were used to identify and characterize all cases of SCD caused by myocarditis.
Materials and methods

This
The Danish healthcare system and Danish registries
The Danish National Health service provides taxfinanced public healthcare for all Danish residents free of charge. Free medical care is guaranteed for all visits to general practitioners, outpatient clinics, emergency departments, and public hospitals.
All Danish citizens are assigned a personal Civil Registration Number, which can be linked unambiguously to national registries on an individual level. Information on prior medical history can be retrieved from the National Patient Register. This register contains information on all inpatient activity at Danish hospitals since 1977 (and outpatient contacts since 1995) using International Classification of Diseases codes, revisions 8 and 10 (ICD-8 and ICD-10) [17] . Information on cause of death can be obtained from the Danish Register of Causes of Death, in which immediate, contributory, and underlying causes are recorded using ICD-10 codes [18] . This register is based on information from autopsy reports and death certificates. Causes of death is subsequently evaluated and corrected by the Danish Health and Medicines Authorities in case of obvious mistakes.
Death certificates and forensic and hospital autopsy
Whenever a person dies in Denmark a death certificate is issued. The death certificate is always issued by a medical doctor, who on basis of all available information, including medical files, determines cause of death. Police involvement is mandatory in all suspicious deaths, deaths of unnatural manner, sudden and unexpected deaths, and if the deceased is found dead. In most cases, a medicolegal external examination is performed by the police and a Medical Doctor of Public Health who has access to first responder (emergency medical service) records, any medical files related to the deceased, the entire police reports including eye witness statements, and the body of the deceased. Information from all of these sources is collected in a supplementary information field on the death certificate, which makes Danish death certificates highly suitable for identification of sudden and unexpected death [10, 11] .
The final decision on whether to conduct a forensic autopsy is mandatorily made by the police, and autopsied cases include criminal cases and cases with unknown or uncertain manner of death. The forensic autopsy rate in Denmark is 2.3% of all deaths and 27% of deaths subjected to a medicolegal external examination [19] . The autopsy ratio among victims of sudden death in the 10-year study period was 61% [10, 11] . Manner of death is natural in approximately 90% of forensic autopsy cases.
If it is decided not to conduct a forensic autopsy, physicians and relatives of the deceased can request a hospital autopsy. These are performed in local pathology departments throughout the country.
In both forensic and hospital autopsies a detailed macroscopic examination of the heart is performed. This is often followed by a microscopic cardiac examination, which includes a minimum of four and often more myocardial specimens sampled from different locations. The forensic autopsy also often includes additional examinations and tests such as histological examination of the conductive system, toxicology, biochemistry and microbiology. Molecular autopsy according to the existing guidelines is gradually incorporated as a diagnostic procedure, but has not been homogenously performed during the project period [20] . [10, 11] . All deaths within these age ranges in the 10-year period were included and all death certificates were reviewed independently by two physicians to identify cases of sudden and unexpected death. In cases of disagreement, the two investigators reevaluated the death certificate together to reach a consensus. Cases of sudden and unexpected death due to cardiac causes (SCD) were subsequently identified using autopsy reports, the Danish National Patient Register, and the Danish Register of Causes of Death together with access to discharge summaries and in selected cases medical records [10, 11, [21] [22] [23] [24] . In case of uncertainty regarding cause of death after review of the autopsy report, the entire case in all its contents was reviewed by and discussed with a forensic cardiopathologist [10, 11] .
Study population and data collection
Definitions
The abbreviation SCD-myocarditis refers to a sudden cardiac death caused by myocarditis.
We defined sudden death as a sudden, natural, unexpected death; in witnessed cases, as an acute change in cardiovascular status with time to death being <1 h and, in unwitnessed cases, as a person last seen alive and functioning normally <24 h before being found death [10, 11, 25, 26] .
SCD in autopsied cases was defined as a sudden death of unknown or cardiac cause and in nonautopsied cases as a sudden death presumed to be of cardiac origin after review of all available information [10, 11] .
In autopsied SCD cases, a diagnosis of myocarditis required confirmation by histopathology according to the Dallas criteria which includes the presence of inflammatory infiltrates with/or without myocyte necrosis [27] . Positive toxicology was defined as the presence of any substance (licit and/ or illicit) upon toxicological investigation.
Statistical methods
Calculations and data analysis were performed with the use of statistical software (SAS V R 9.4; SAS Institute
Inc., Cary, NC, USA 
Results
Study population
The During the 10-year study period, there were 14 294 deaths from a total of 27.1 million person-years at risk ( Figure 1 ). In total, 1 698 (12% of all deaths) cases of sudden and unexpected death were identified. After review of autopsy reports, death certificates, discharge summaries, and information from nationwide registries, 1 363 SCD (10% of all deaths) were identified, of which 753 (55%) were autopsied. Cause of death was myocarditis in 42 SCD cases (3% of all SCD). All 42 SCD-myocarditis cases were autopsied (6% of autopsied SCD) and the diagnosis of myocarditis was confirmed through histopathological examination in all 42 cases. None of the nonautopsied SCD cases were deemed to be caused by myocarditis by the physician issuing the death certificate.
Of the 753 autopsies among all SCD cases, 620 (82%) were forensic autopsies and 133 (18%) were 14 hospital autopsies. Among the 42 autopsied SCDmyocarditis cases, there were 41 (98%) forensic autopsies and one (2%) hospital autopsy. A toxicology screen was performed in 477 (63%) of all 753 autopsied SCD, of which 270 (57%) had a positive toxicology. Of the 42 SCD-myocarditis cases, 25 (60%) received a toxicology screen, of which 14 (56%) had a positive toxicology. None of the toxicologically investigated SCD cases had a fatal toxicological profile. In two cases a toxic/allergic/ autoimmune etiology was suspected: one case was started in clozapine treatment just prior to death, while the other case was diagnosed with polymyositis and cytotoxic T cells were identified in heart tissue through use of immunostaining. Between SCDmyocarditis cases and cases of SCD from other causes there were no significant differences in the proportion of cases with a toxicology screen or in the proportion of cases with positive toxicology (P ¼ 0.623 and P ¼ 0.950, respectively).
A postmortem virological examination on myocardial tissue specimens was performed in 10 (24%) of the 42 SCD-myocarditis cases with a positive result in three (30%) cases (two cases with parvovirus B19 and one case with missing information on virus type).
Clinical characteristics
A comparison between autopsied SCD-myocarditis cases and cases with SCD from other causes is shown in Table 1 . Among SCD-myocarditis cases median age at time of death was 31 years. Compared to cases with SCD from other causes, SCD-myocarditis cases were significantly younger at time of death (31 vs. 34 years, P ¼ 0.027). A male predominance was seen in both SCD-myocarditis cases and cases of SCD from other causes with less than a third female cases ( Table 1) .
The most common comorbidities among SCDmyocarditis cases were psychiatric diseases (19%), neurological disorders (10%), and infectious diseases (7%). Only two (5%) cases were diagnosed with cardiovascular disease prior to death. None of the SCD cases were previously diagnosed with myocarditis. There were no significant differences in frequency of any previously diagnosed medical conditions between SCD-myocarditis cases and cases with SCD from other causes. Frequency of reported infectious disease was, however, somewhat higher among SCD-myocarditis cases (7% vs. 3%, P ¼ 0.095), although these changes did not reach statistical significance. 
Cardiac symptoms
A total of 20 (48%) SCD-myocarditis cases had at least one symptom prior to death ( Table 2 ). The most common symptoms among SCD-myocarditis cases were influenza-like symptoms (n ¼ 12, 29%), chest pain (n ¼ 5, 12%), syncope (n ¼ 3, 7%), and dyspnoea (n ¼ 3, 7%). A comparison of symptom frequency among autopsied SCD-myocarditis cases and cases of SCD from other causes is shown in Table 2 . The proportion of SCD-myocarditis cases with influenza-like symptoms reported in the days and weeks preceding death was $3-fold higher compared to cases with SCD from other causes (29% vs. 10%, P < 0.001). For the remaining symptom types there were no significant differences between the two groups.
Incidence rates
Incidence rates of SCD-myocarditis according to age and sex are shown in Table 3 . There were low incidences of SCD-myocarditis among children and adolescents ranging from 0.06 to 0.07 per 100 000 person-years ( Figure 2) . Incidence of SCD-myocarditis increased sharply after the age of 20 years with the highest incidence (0.51 per 100 000 personsyears) observed in persons aged 36-40 years. Myocarditis was the cause of death in 6% (n ¼ 42) of the 753 cases of autopsied SCD identified in the study period. However, the proportion of SCD caused by myocarditis was highly dependent on age: 8% in those aged 1-5 years, 18% in those aged 6-10 years, 7% in those aged 11-15 years, 5% in those aged 16-20 years, 7% in those aged 21-30 years, 6% in those aged 31-40 years, and 3% in those aged 41-49 years.
Males had significantly higher incidence rates of SCD-myocarditis compared to females with an incidence rate ratio of 2.2 (95%CI: 1.1-4.1) ( Table 3 ). Figure 3 indicates that the sex differences were more pronounced in the older age groups. There were, however, no significant differences in median age at time of death between female and male SCDmyocarditis cases (28 vs. 33 years, P ¼ 0.401).
Discussion
Myocarditis is a rare cardiac condition with an uncertain incidence in the general population. The proportion of SCD caused by myocarditis has been variably reported ranging from 1%-14% of all SCD [10] [11] [12] [13] [14] [15] [16] . The aim of this study was to establish SCD-myocarditis incidence among the young in a nationwide and unselected setting using validated and well-described definitions of SCD and myocarditis.
We found that the incidence of SCD-myocarditis was 0.16 per 100 000 person-years corresponding to 6% of autopsied SCD and 3% of all SCD, which is lower than estimates from multiple previous studies. Geographic differences may partially explain the dissimilarities in the previously reported incidences of SCD-myocarditis. However, use of different study populations and differences in SCD definition and classification and interpretation of myocardial inflammation are likely of greater importance. In a study by Kyt€ o et al. [29] , the death certificate-based incidence of fatal myocarditis in Finland was 0.46 per 100 000 person-years. This study, however, included persons of all ages and all myocarditisrelated deaths and not only deaths presenting as SCD. Both incidence of myocarditis and SCD- myocarditis have previously been shown to be significantly higher among children and young adults compared to adults >50 years [29] [30] [31] . Surprisingly, in the present study highest SCD-myocarditis incidences were observed in those aged 36-45 years.
The SCD cohorts from which all SCD-myocarditis cases in this study were identified, did not include cases of sudden and unexpected death among infants less than 1 year of age as infants have an entirely different sudden death epidemiology compared to older children, adolescents, and young adults [23, 32] . Therefore, in this study it was not possible to report SCD-myocarditis incidence among infants. However, previous studies report high incidences of myocarditis-related death in this age group [29, 33] . Consequently, our reported SCDmyocarditis incidence would likely have been higher if infants were included, although this remains speculative.
When comparing SCD-myocarditis incidences between different studies it is important to address the diagnostic challenges subjected to myocarditis. Different approaches for the diagnosis of myocarditis can be utilized. Despite improvements in noninvasive diagnostic tests, histological examination remains gold standard for an unequivocal diagnosis of myocarditis in both living patients and the deceased. Several histologic criteria have been proposed from the Dallas criteria in 1987 to the latest quantitative criteria suggested by Maisch et al. [34] , which has been incorporated in recent guidelines [3, 20, 27, 34] . The Dallas criteria were made for endomyocardial biopsies and are subjected to several important limitations as being susceptible to variation in pathological interpretation and sampling error. In an autopsy setting, the unlimited accessibility to cardiac tissue can at least partly overcome the risk of sampling error, although the interpretation of the findings remains a challenge. Despite this the Dallas criteria are still widely used. A Finnish study examined how accurately myocarditis was diagnosed in a series of routine autopsies where cases recorded with myocarditis as the underlying cause of death in death certificates were re-examined histologically [35] . They found that only 32% of the re-examined cases met the Dallas criteria. This highlights that interobserver variability is a major problem and likely a contributory factor to the observed differences between reported SCD-myocarditis incidences.
Myocarditis has been reported to be overdiagnosed, especially in cases of sudden death with no other apparent explanation [35] [36] [37] . This may also be the case in our study as the diagnosis mainly was based on the Dallas criteria. The opposite, however, may also be a possibility. As the autopsy ratio among victims of sudden death in the examined age ranges was 61%, and since none of the non-autopsied cases had myocarditis reported as the cause of death, the incidence of SCD-myocarditis is very likely underestimated.
Viral infections are reported to underlie the majority of myocarditis cases in western countries and therefore virological analysis is recommended as a supplementary test to support a myocarditis diagnosis. In our study, virological examination was performed in 24% of the SCD-myocarditis cases with a positive result in 30% of these. The positive results may have contributed to a higher diagnostic accuracy in these cases. However, great caution should be paid when interpreting the results as the most commonly detected viruses (PVB-19, CMV, and HHV-6) can cause persistent infection with no or limited association to myocardial inflammation [38] .
We found that 20 (48%) SCD-myocarditis cases had at least one symptom prior to SCD. The most common symptoms were influenza-like symptoms followed by chest pain, syncope, and dyspnoea. Influenza-like symptoms were significantly more common among SCD-myocarditis cases compared to cases with SCD from other causes, which supports the assumption of an infective agent as the most common etiology of myocarditis [4, 39] . Although almost half of all SCD-myocarditis cases had symptoms prior to death, most had unspecific symptoms with limited diagnostic value. In line with this, none of the SCD-myocarditis cases were diagnosed with myocarditis prior to death. However, a subset of patients had syncope and seizures or symptoms suggestive of a cardiac etiology such as chest pains. These findings support the notion that young patients reporting potential cardiac symptoms should also be thoroughly examined.
Previous studies have shown that males have higher risk of SCD-myocarditis compared to females [29, 40, 41] . In support of this, we found that SCDmyocarditis incidence was >2-fold higher in males compared to females. Risk of SCD in general is known to be higher among men, despite similar risk profiles and causes of SCD in men and women [42] . This apparent female protection towards both SCD in general and SCD-myocarditis is poorly understood and warrants further investigation. Psychiatric diseases were common among both SCD-myocarditis cases and cases of SCD from other causes with no significant differences. Psychiatric disease is a risk factor of both SCD and myocarditis. The elevated risk of SCD is, at least in part, mediated through unhealthy lifestyle and wide-spread use of medicine capable of inducing malignant cardiac arrhythmias among patients with psychiatric disease [43, 44] . Some psychotropics, including clozapine, are known to cause toxic myocarditis [45, 46] . Furthermore, alcohol misuse and use of recreational drugs, which is common in patients with severe psychiatric disease, can also cause myocarditis [47, 48] .
Toxicological analyses were performed in 60% of SCD-myocarditis cases and in 64% of cases with SCD from other causes with a positive result in tested cases of 56% and 57%, respectively. Between the two groups there were no significant differences in the proportion of cases with a toxicology screen or in the proportion of cases with positive toxicology, which is in contrast to results reported by Diaz et al. [49] . However, the groups in both studies are too small for detection of statistical differences.
Strength and limitations
The main strength of our study is the nationwide and unselected approach with unselected inclusion and subsequent comprehensive follow-up of more than 14 000 deaths among the young in Denmark.
The study has limitations inherent to any retrospective study. However, the performance of a prospective study is complicated by the low incidence of SCD-myocarditis in the young general population.
The autopsy ratio among victims of sudden death in the 10-year study period was 61%. As mentioned previously, the selection of cases for forensic autopsy in Denmark relies on police investigations and the Danish legislation regarding the referral of individuals for medicolegal external examination and forensic autopsy. The selection of cases for hospital autopsies relies primarily on demands from the relatives. It follows that autopsy is not necessarily performed in all myocarditis-related deaths and consequently we likely underestimated the incidence of SCD-myocarditis.
As all SCD-myocarditis cases in this study were subjected to an autopsy the myocarditis diagnosis was mainly based on histological examination and in some cases supplementary tests such as virological examination and toxicological analysis. Given the high inter-and intraobserver variability related to the histological diagnosis, the study would have benefitted from a re-evaluation of the histological sections to secure that all cases fulfilled diagnostic criteria of myocarditis. However, 82% of all autopsies among SCD cases were forensic autopsies, which we consider a strength of the study as forensic autopsies in general include a more thorough examination with regard to supplementary analyses of the deceased.
Postmortem virological examination was only performed in 24% of all SCD-myocarditis cases. Systematic and thorough microbiological examination in all suspected myocarditis cases would strengthen the postmortem diagnosis of myocarditis Our findings do not necessarily apply to other populations with other demographics as 90% of the study population were whites.
Conclusion
In this nationwide study on SCD-myocarditis in children and young adults, we found a SCD-myocarditis incidence of 0.16 per 100 000 person-years corresponding to 6% of all autopsied SCD.
No cases of SCD-myocarditis were reported in the non-autopsied SCD cases, which could reflect underdiagnosing of myocarditis in non-autopsied SCD. As far from all cases of sudden and unexpected death is autopsied in both Denmark and internationally, the burden of SCD-myocarditis is likely underestimated. Our data highlight the importance of forensic autopsy in all cases of sudden and unexpected death in person <50 years to correctly establish cause of death.
Furthermore, our data suggest a female protection towards SCD-myocarditis. The underlying mechanism is poorly understood and warrants further investigation.
